Polyurethane foam, having a density of 32 kg/m 3 , was tested at 295, 111, 76, and 45 K in helium gas. The material properties reported are Young's modulus, proportional limit, yield strength (at 0.2% offset), tensile, shear, and compressive strengths, and elongation (elastic and plastic).
INTRODUCTION
Safe, economical storage and transportation of liquefied gases depend to a large extent on the materials used in capital equipment, i.e., storage facilities, transfer terminals, liquefiers, pipelines, and ships.
Thermal insulations constitute a critical link in the materials for use in LNG and LPG oriented energy efforts because of the cryogenic nature of the liquids. Accurate data, predictive capability, and standardized methods and materials will improve the selection and development of insulating materials for these applications. The mechanical properties reported are part of a broader effort to understand and be able to predict the thermal and mechanical behavior of expanded plastics (foams) in cryogenic environments.
The tensile, compressive, and shear properties of polyurethane foam, having a density of 32 kg/m 3 , were determined using a test fixture developed specifically for this program. This fixture provides the capability of determining the above material properties at any temperature from ambient (295 K) to near 4 K, in a cold helium-gas atmosphere.
Tests can also be done in liquids, such as helium (4 K) , nitrogen (76 K) , and dry ice and alcohol (195 K This type of extensometer does not attach directly to the specimen so that the effect of instrumentation on the experimental results is minimized.
The extensometer works well in cryogenic environments, is accurate, and is linear for large strains [2, 3] .
The capacitance extensometer system had a linearity range in excess of 2.5 cm (1.0 in) when used with the current foam specimen geometry (5.1 cm diameter by 10.2 cm long). Similar extensometers can be designed for specific sensitivities and extents of linearity [4] . As long as the capacitance extensometer is situated in a stable fluid (i.e., single phase-no boiling) the result is a low-noise, output signal. These sensors function in gases as well as in liquids.
The original calibration of the system, for example, could have been performed at room temperature in air. To conduct a test in any other media (e.g. , liquid nitrogen) the original calibration need only be corrected for the change in dielectric constant [5] . x/y = 1.33 ± 0.24, z/x = 1.02 ± 0.18, z/y = 1.40 ± 0.26.
The uncertainties given represent estimates of one standard deviation.
The cell orientation relative to the orthogonal axes of the bulk slab are shown in figure 2 .
The chemical formula of the polyurethane resin is CiQ. 47 Hu. 9 
SPECIMENS
The tensile specimens were rods 9.9 cm long and 2.9 cm in diameter.
For the determination of ultimate strength, a reduced section specimen was used.
The gage length was approximately 5.1 cm and 1.9 cm in diameter.
All tensile specimens were epoxied to threaded polycarbonate grips.
The reduced section geometry forced fracture to occur ' within the gage length, thereby eliminating premature failure at the grip ends due to biaxial stresses. All other mechanical properties, such as Young's modulus, proportional limit, and yield stress, were derived using the rod geometry.
The compression specimens were 2.54 cm long and 2.9 cm in diameter.
Shear specimens were approximately 1.9 cm x 2.54 cm x 0.4 cm.
These specimens were epoxied to flat plates and each plate was attached to a pull-rod.
An aluminum cylinder was slipped over the specimen and plates to help maintain alignment during testing and to minimize induced torque.
5.
RESULTS
The results are presented in tables 1 through 3 and in figures 1 through 7. The error bars on the figures show the data spread from repeated tests.
Scatter is typically higher for compression and shear tests than for tensile tests, since the former tests are more sensitive to misalignment.
Two orientations, longitudinal and transverse, are designated in the data. These orientations are relative to the axes of the bulk supply, not the true cell orientation.
As shown in the figures, Young's modulus, proportional limit, yield strength, ultimate strength, and shear strength increase as temperature is lowered from 295 to 76 K. The longitudinal specimens are, in general, stronger and stiffer than those tested in the transverse direction (figs. 1, 2, and 4). An exception to this is seen in the compressive yield strength (fig. 5) where the longitudinal and transverse curves cross between 76 and 111 K.
Tensile strain decreases with temperature (fig. 3) ; the material is completely brittle for temperatures below 111 K. Figure 6 indicates a significant deformation capability in compression at low temperatures.
The apparent plastic strain is probably caused by a collapse of the cell structure.
The polyurethane resin is actually brittle at cryogenic temperatures and cannot exhibit true plastic deformation. Cells in the x-z plane of the material reported here have nearly a 45°i nclination to the x-axis ( fig. 2) , whereas in the y-z plane there is no inclination from the z-axis.
Future tests will include measurement of physical properties perpendicular and parallel to the cell axes, rather than the mold axes as reported in this study.
Specimens tested in liquid nitrogen appeared to have slightly lower shear strength values than those tested at the same temperature in cold helium gas.
This may be an indication of environmental sensitivity. Nitrogen at low temperatures is deleterious to a number of other polymeric materials.
Thermoplastics have exhibited crazing or reduced fracture strengths, or both when tensile tested in cold liquid or gaseous nitrogen, as compared with vacuum or helium environments [8] .
Environmental effects must ultimately be taken into account in design applications. [5] G. R. White, Measurement of thermal expansion at low temperatures, Cryogenics , 2:151 (1961). [6] "Materials Bank Compendium of Fire Property Data," Products Research Committee, J. W. Lyons, chairman. National Bureau of Standards, Washington, D.C. (1980) . [7] W. G. Jurevic, "Structural Plastics Applications Handbook, Supplement 1 Test Methods," Technical Report AFML-TR-67-332 (1969 Compression test results: proportional limit, yield strength, and maximum compressive strength versus temperature. 
